Multi-modality microscopes incorporate multiple microscopy techniques into one module, imaging through a common objective lens. Simultaneous or consecutive image acquisition of a single specimen, using multiple techniques, increases the amount of measurable information available. In order to benefit from each modality, it is necessary to accurately co-register data sets. Intrinsic differences in the image formation process employed by each modality result in images which possess different characteristics. In addition, as a result of using different measurement devices, images often differ in size and can suffer relative geometrical deformations including rotation, scale and translation, making registration a complex problem. Current methods generally rely on manual input and are therefore subject to human error. Here, we present an automated image registration tool for fluorescence microscopy. We show that it successfully registers images obtained via total internal reflection fluorescence (TIRF), or epi-fluorescence, and confocal microscopy. Furthermore, we provide several other applications including channel merging following image acquisition through an emission beam splitter, and lateral stage drift correction. We also discuss areas of membrane trafficking which could benefit from application of Auto-Align. Auto-Align is an essential item in the advanced microscopist's toolbox which can create a synergy of single or multi-modality image data.
Fluorescence of organic compounds was first recognized in microscopy when scientists using ultra violet light noticed that light of longer wavelengths was emitted from the sample under investigation (1) . This property, known as auto-fluorescence, drove the development of the first fluorescence microscope in 1911 (1) . Future advances in fluorescent compounds, which could be introduced into a sample, massively increased the versatility of the technique as it was no longer dependent on the fluorescent properties of the inherent molecules present in a particular sample. The diversity of today's fluorescent markers combined with the current molecular and cellular techniques mean that almost any subcellular protein, pathway, process and organelle can be tagged (2, 3) , and hence, imaged through fluorescence microscopy. A century on, fluorescence microscopy remains the method of choice for spatially locating specific molecules within live cells, and the desire to observe more specific cellular processes in situ has driven the development of numerous different fluorescence microscopy techniques. These employ different methods of illumination, as well as means of acquisition, in order to target specific regions of the sample. Each of these has its own advantages and disadvantages but currently there exists no technique that completely outperforms its alternatives. Multi-modality microscopes integrate two or more different techniques into one module which acquires data through the same objective lens, but use separate measurement devices. This allows for sequential and even simultaneous image acquisition, of the same sample, using multiple microscopes so that the advantage of using each technique can be included in the final analyses. To gain the benefits of each technique, their image data sets must be spatially coincident in order to be analysed.
Numerous applications in the field of membrane trafficking exist which would greatly benefit from correlative analysis of multi-modal data sets. Specifically, the combination of confocal and total internal reflection fluorescence (TIRF) microscopy would provide the benefits of each to be integrated, namely the ability to generate clear and bright images of specific intracellular focal planes with confocal, and the high signal to noise and ability to directly quantify motion at the plasma membrane in x, y and z with TIRF. Specific research areas where this would be beneficial include, but are not limited to:
Endocytosis: Uncoating of clathrin-coated vesicles does not usually occur within the TIRF field. This has been observed by combining TIRF and epi-fluorescence illumination (4) (5) (6) . However, confocal has clear benefits over epi-fluorescence such as the ability to eliminate out-of-focus light using the confocal pinhole. Thus, the combination of TIRF and confocal microscopy could provide a more complete analysis of these types of events.
Endocytic trafficking: The transfer of cargo and vesicular components between the cell surface and intracellular compartments could be analysed by combining TIRF and confocal microscopy. This would be possible for both endocytosis, tracking from the plasma membrane into endosomes, as well as for endocytic recycling, observing the recruitment of recycling endosomes within the cytosol and subsequent fusion with the plasma membrane. Furthermore, a combined analysis of endocytosis and endocytic trafficking could be performed using confocal microscopy to visualize the bulk transfer of membrane proteins from the cell surface to intracellular compartments such as lysosomes, and in the same samples, epi-fluorescence imaging to quantify whole-cell fluorescence in order to analyse receptor degradation following lysosomal sorting (7) .
Post-Golgi trafficking: TIRF represents the gold standard for quantitative analysis of individual events of exocytosis. Although exceptionally sensitive for analysis of events at the plasma membrane, a major limitation of TIRF is that it cannot image deeper into the cell. Transfer of anterograde biosynthetic cargo out from the Golgi has been imaged through epi-fluorescence and other methods (8, 9) . However, Golgi elements are generally not visible in TIRF. The addition of confocal images would allow spatial correlation of sites of vesicle fusion imaged in TIRF to the localization of the trans-Golgi network (TGN), as well as analysis of the trafficking and subsequent plasma membrane fusion of specific carriers which have budded from the TGN. One area in which this would be particularly useful would be the analysis of migrating cells which have been previously shown to demonstrate polarized Golgi localization and/or polarized sites of exocytosis (10) (11) (12) . Thus, imaging the location of the TGN, the budding of vesicles from the TGN, the trafficking of these carriers through the cytosol using confocal microscopy and subsequent fusion with the plasma membrane with TIRF could be possible.
Microtubules: The microtubule cytoskeleton has been observed to extend into the TIRF field and trafficking and fusion with the plasma membrane of vesicles linked to these microtubules have been observed (12) (13) (14) . However, imaging microtubule tracks in live cells by epi-fluorescence is very difficult. Thus, the ability to analyse microtubule motility in the same live cells by TIRF and confocal microscopy could permit the analysis of potential differences between the microtubules extending towards the plasma membrane and those deeper into the cytosol.
Actin: Many actin-based protrusions exist which can readily be imaged by TIRF. However, analysing how these correspond to cytosolic actin dynamics can be difficult.
The large density of actin in the cytosol makes epifluorescence imaging difficult, and the limited Z resolution of TIRF suggests that employing confocal analysis in the same cells might generate novel insights into processes such as filopodia and lamellipodia assembly.
With these types of applications in mind, we have sought to develop a series of algorithms which can automatically align fluorescence microscopy images. The initial motivation behind the development of this software was registration of TIRF and confocal data sets; thus, the characteristics of the respective images hold the main influence behind the method of registration finally implemented. The different characteristics arise as a direct consequence of the image formation processes employed by each technique. Therefore, it is important to understand the image formation processes in order to recognize what the challenges are, from an image registration point of view.
Microscopy Techniques -Image Generation
The first epi-fluorescence microscopes evolved from the basic bright-field microscope with only the simple addition of a mercury light source and a set of strategically placed filters; the only further complication being the introduction of the fluorescent marker into the cell. Experiments targeting more specific intracellular processes required imaging modalities with the capability to visualize the subcellular components without the contaminating background fluorescence often present in epi-fluorescence images. Such demands led to the implementation of various other imaging techniques in cell biology. Examples of these include laser scanning techniques such as confocal (15, 16) and multi-photon techniques (17, 18) , as well as TIRF microscopy (19, 20) . Each of these has its own advantages and limitations due to the sample illumination and image collection methods employed.
Laser scanning methods, such as confocal microscopy, use a highly focused beam of laser light for sample illumination. Images are formed point by point from fluorescence confined to a small volume centred at the focal point of the objective lens that is typically measured using a photon multiplier tube (PMT). Any photons detected by the PMT have passed through a system of filters and a small pinhole onto which the filtered light is focused. The purpose of the pinhole is to reject light rays from out-of-focus planes to achieve 'optical sectioning' of a sample. Conventional confocal microscopes form two-dimensional (2D) images by scanning the focal point of the illumination beam in a series of line rasters in a lateral plane (x − y plane) with respect to the face of the objective lens. The fluorescence detected by the PMT is recorded serially and the final image is constructed using a computer. Moving the sample in small axial increments through this lateral plane, obtaining a 2D image at each increment, allows the generation of 3D images (i.e. a confocal stack). The thickness of each optical section is dependent predominantly on the pinhole diameter as well as other factors such as the light wavelengths involved and numerical aperture of the objective (eqn 1) (21) .
The above equation shows the effective slice thickness of a 2D confocal image for a pinhole ≈1 airy unit; where FWHM is the half width at full maximum of the image slice, λ em the emission wavelength of the fluorescent signal, n the refractive index of the emersion liquid, PH is the diameter of the pinhole and NA is the numerical aperture of the objective lens. A good confocal microscope is capable of forming image slices of volumes as thin as ≈1 μm depending on the excitation wavelengths used (21, 22) . Image acquisition times for these techniques are limited to the speed at which the line rastering can be performed, and thus the temporal resolution is sacrificed for an increased axial resolution. Although conventional confocal microscopes generally require ∼ 1 second to construct an image with 512 × 512 pixels, high speed techniques such as spinning disc and resonant laser scanning confocal microscopes can acquire images much more rapidly (e.g. 15 times faster than confocal) (16, (23) (24) (25) . Thus, these speeds are comparable to those of widefield techniques using a charge-coupled device (CCD) camera, although the field of view of the confocal is often smaller.
TIRF microscopy, as the names suggests, uses total internal reflection in order to produce an evanescent field subsequently used for sample illumination. Total internal reflection occurs when light propagating through a medium with refractive index, n 1 , falls incident on a boundary with another medium that has a lower refractive index, n 2 , at an angle of incidence equal to, or greater than, the critical angle, θ c , as defined by Snells law. The evanescent field produced at this boundary propagates parallel to the interface like a thin sheet and its intensity decays exponentially with perpendicular distance from the surface (eqn 2).
The above equation describes the intensity profile as a function of distance, z, from the refractive boundary step; where I 0 is the intensity at distance z = 0 and d is the decay constant of the intensity. The value of d depends predominantly on the ratio of refractive indices of the refractive media, as well as the excitation wavelength used (26) . Microscopes using objectives with sufficiently high numerical aperture permit the TIRF illumination beams to be passed through the objective and onto the sample boundary at an angle above that of the critical angle (26, 27) . For biological microscopy, this boundary is usually a glass coverslip (n ≈ 1.5) against some sample substrate (n ≈ 1.3), typically using visible laser light for illumination. Under these conditions, the effective penetration depth of the excitation field is generally <100 nm above the coverslip (26) . This makes the TIRF microscope ideal for imaging events occurring at or near the adherent plasma membrane. As the illumination is confined to the region just above the coverslip, the resulting images contain minimal levels of intracellular background fluorescence. TIRF is a widefield illumination technique so the fluorescence signal from the full field of illumination is collected in parallel using a CCD camera. This permits imaging at high temporal resolutions (e.g. tens of frames per second). The limiting factor of TIRF is that it is only capable of imaging one thin optical section just above the substrate on which the sample is adhered.
Current Image Registration Procedures
Co-registration of image data is a common problem in biomedical imaging and many methods have been developed to suit specific applications (28, 29) . Many current methods for co-registration of multi-modality fluorescence microscopy images have relied heavily on human input. There are various commercial software packages which include: manual, semi-automated and automated alignment of generic microscopy image data. We will briefly review these methods and some of the software packages which include them.
Manual Methods
The most basic and least scientific approach to image alignment is a simple superimposition of one image over the other followed by manual manipulation through user controls of a computer. Images are considered to be registered when a better alignment cannot be achieved, based on visual inspection of the superimposed image. Dual-colour TIRF images have been aligned in this way using METAMORPH software (Universal Imaging) (30) . Some groups introduce fiduciary markers, such as fluorescent beads, into their samples which are used to manually align the images (31, 32) . The presence of definite reference points in both images increases reliability as it does not rely on the existence of any colocalization in the sample under investigation. Final accuracy of the alignment in this case relies on stationary fiduciary markers present in both images; thus, any movement between acquisitions of sequential images will cause inaccuracies. However, manual methods are prone to human error which will generally result in some inaccuracy of registration and they are also relatively time consuming.
Semi-Automated and Automated Methods
Nikon NIS elements (versions 3.1+) have a registration tool based on manual landmark assignment (one or three points per image) in both images. This can correct for translation, rotation and scale when three points are selected. The human error from manual point selection is reduced using the 'fine tune' option. This gives good results when landmarks are chosen accurately and 'fine tuning' is used. For some confocal/TIRF image pairs, choosing three definite common landmarks in both images can be difficult and also time consuming. Although fine tuning of the point selection is available, incorrect point selection can cause inaccurate registration.
Auto-Aligner by Bitplane SCIENTIFIC software provides both manual and automatic methods of microscopy image registration. It is capable of automatically aligning whole image stacks as well as individual images. Its automatic registration function accounts for translation and rotation but not scale. Images would have to be scaled accurately before the registration process to achieve accurate result; the precise scale relation between two image data sets is not always known and therefore not ideal for multimodality registration.
TurboReg is a non-commercial plugin for IMAGEJ for sub-pixel image registration. It implements a highly efficient optimization algorithm using a multilevel pyramid resolution scheme to maximize the speed of computation (33) . The algorithm was initially designed for coregistration of functional biomedical image data sets (Positron Emission Tomography (PET) and functional Magnetic Resonance Imaging (fMRI)) but its application to various different data sets, including microscopy images, can be found in numerous publications (34, 35) . The algorithm was designed as a fully automated registration system that can correct for rotation, translation and scale, but the IMAGEJ implementation (36) requires initial landmark identification before registration is performed. Although extremely fast, its application to multi-modality images, such as TIRF and confocal data sets, has potential problems due to the nature or the minimization similarity parameter used. Large relatively bright features are common in fluorescence microscopy studies for reasons such as heterogeneous expression levels of fluorescent proteins in a cell population. These are often omitted from an investigation but are commonly present in images that also contain more useful specimens. Because of the difference in illumination volume between TIRF and confocal microscopes, these features can appear far brighter in one data set (see the feature in the top left of Figure 1A ,B). TurboReg looks to minimize the difference squared between the images; therefore, a false registration can be achieved if the difference between a large bright feature and the feature of interest is smaller than the difference between the actual features of interest in both images.
Auto-Align
Multi-modality microscopy image registration The main differences in the images from the two techniques arise as a result of the physical image formation processes briefly outlined in the discussion above (readers are referred to Refs 16, 17, [19] [20] [21] [22] 26, 27 for a more comprehensive description). If we assume that both microscopes image the same focal plane of the same fluorescent sample, through the same objective lens, then we expect to see some of the same information in both images. TIRF, because of its thin illumination depth, usually shows small (sub-diffraction limit) fluorescent objects with a higher contrast relative to the background. Confocal images usually contain greater levels of background fluorescence as the illumination thickness is greater than that of TIRF. If there are many fluorescent particles in the sample then the confocal image may also contain more features, again due to the greater optical section thickness (see Figure 2 ).
Further differences arise from the different hardware used to record the images. The line scanning nature of the conventional confocal microscope means that the spatial resolution can be varied whereas the TIRF resolution is generally fixed unless pixel binning is performed, in which case the resolution is reduced by a factor of 2 n . In addition, the field of view of both microscopes can be varied: the scanning region of the confocal field can be changed either through cropping or zooming, and a different sub-set of pixels in the CCD array can be selected on the TIRF CCD camera. Because of these differences, images containing the same feature of interest can differ by up to three rigid transformational differences in the resulting images: (i) spatial scales of each pixel (the area each pixel physically represents), (ii) a translational offset (the relative distance of the centre of a feature to the centre of the image) and (iii) a rotational offset due to the misalignment of the horizontal pixel arrays in the CCD camera chip and the scanning lines of the confocal laser. Although (i) and (ii) can change every time the field of view is changed, the rotational offset (iii) should remain constant unless the orientation of the CCD is changed.
If we can assume that for TIRF and confocal image registration the rotational offset is always constant, it makes sense to determine its value accurately and then use it to correct images so that they differ only by translation and scale; corrections for these can then be addressed separately using slightly different techniques. Decomposing the problem in this manner will also reduce the time taken to calculate the difference in scale and translation as the complexity of the computation is reduced. With this reasoning, the problem can be broken down into two different parts: (i) the determination of the rotational offset and (ii) the determination of translation and scale using the calculated angle.
Rotational offset: algorithm-1 Auto-Align uses a separate algorithm to calculate the rotational offset between the scanning region of the confocal and the CCD camera array of the TIRF microscope. This algorithm uses an optimization process to calculate the rotational offset between a TIRF and confocal image pair given: an estimate of the scale difference in the two images, an estimate for the rotational offset and errors associated with both of these values. The estimate angle reduces the computation time compared to that of searching over all angles. Determination of the estimate scale is calculated from the ratio of the lengths of a line joining the same two points in both images and an estimate angle is calculated based on the difference in angle of the same two lines with respect to the horizontal. The human error and subjective nature of this is dramatically reduced because the algorithm performs a search over the range of angles defined by the angle error provided. The assumption here is that the points chosen in both images do in fact correspond to the same features existing in both images and that realistic errors are provided (typically ±1−2 • ).
Algorithm-1 copes well with the noise typically present in fluorescence microscopy images (Appendix S1 and Figure S3 ), but produces optimal results with images that have high contrast features and high signal to noise ratio. Although the algorithm will calculate this offset with a high degree of accuracy for a single pair of ideal images, several different image pairs from the same instrument should be used and the mean result is taken as the final rotational offset. This is to average out any variations due to small rotations caused by stage drift (see below).
Despite its optimization structure, this algorithm is by no means computationally efficient owing to the large number of image convolutions it performs. On a good desktop computer (3 GHz quad core, 4 G of RAM), algorithm-1 will take approximately 30 seconds to calculate the final result on a pair of 512 × 512 pixel images. This time will vary from image pair to image pair and also if the initial guess is inaccurate and the search error is large. Performing this on multiple image pairs will take several minutes, but as mentioned above, the rotational offset only needs to be determined once, therefore accuracy is chosen over efficiency.
Translation and scale: algorithm-2
Algorithm-2 calculates the difference in image scale and final translation between the features in the images using the rotational offset calculated by algorithm-1. This algorithm requires the pixel calibration values (i.e. the resolution of the images) of both the TIRF and confocal images, along with the possible errors incurred when determining these vales. The algorithm uses a three-stage process to complete the registration: (i) calculates a rough translation between the images using the ratio of the pixel calibration values as an estimate image scale difference, (ii) performs a scale optimization test between the TIRF image and a local region of the confocal image located at the co-ordinates of the rough translation and (iii) calculates the final translation between the confocal image and the TIRF image scaled using the optimal scale calculated in the previous step. As the first stage is intended to determine a rough translation, it performs its calculation using smaller, down-sampled copies of the input images. The second step, scale testing, optimizes the scale difference from the initial estimate, first at a low resolution, and then again at a higher resolution. These calculations at reduced resolution decrease the overall computation time, while providing sufficient information for accurate calculation at high resolution. For large images, a sub-area of a TIRF image can be selected which is used for calculation and then the full images are registered; this is to further reduce computation time. Algorithm-2 copes well with the noise typically present in fluorescence microscopy images (Appendix S1 and Figures 3 and 4 ).
If fast sequential or simultaneous image acquisition is possible, this algorithm can be applied to dual TIRF and confocal time series experiments. This is particularly useful for imaging processes such as vesicle trafficking, receptor dynamics and focal adhesion disassembly.
Other areas of fluorescence microscopy
The algorithms presented above also have application to single-modality image data sets, such as time-lapse and simultaneous multi-colour imaging data, which must be spatially coincident in order to be analysed.
Stage drift correction
Stage drift occurs owing to small lateral movements of a microscope's sample stage over time. This becomes a particular problem when trying to analyse motion of objects within the sample as it is difficult to determine whether the change of position of an object relative to the edges of the field of view is due to sample activity or stage drift. If the morphology of the total sample does not change significantly between frames (i.e. I i+1 (x, y) ≈ I i (x + x, y + y)), then performing normalized crosscorrelation (NCC) on adjacent time frames can be done to detect any motion in the image due to stage drift. If the net motion of the sample is significant between each frame (greater than that of the stage drift), then NCC will calculate the net motion of the sample between Dual-colour imaging systems excite using two beams simultaneously. As a result, the fluorescence emitted from the sample consists of a mix range of wavelengths from two emission spectra. To split this mixed signal into two channels, the light has to be separated by wavelength and then measured using a CCD camera. The mixed signal enters the beam splitter at the front face; the light rays below a specific wavelength travel straight through the cube undeflected and the light rays with wavelengths above a specific wavelength are reflected by 90
• . A prism reflects the reflected beam again by 90
• so that the two beams run parallel before being projected onto a CCD camera array.
frames. Correcting for the net motion like this can allow more precise measurement of objects moving within the sample. Because of the type of the image registration method used here, the algorithm will be less stable for image sequences containing several cells moving in different directions with significant movement between frames.
Simultaneous dual wavelength image registration
Some widefield microscopes can perform simultaneous dual wavelength imaging. Fluorescence emitted from the sample is collected through the same objective lens and then chromatically separated using a beam splitter. Images from both wavelengths of light are projected in adjacent positions onto a single CCD array (see Figure 3 ).
Using one CCD array means that the recorded image contains the fluorescence signal for both wavelengths of emission. In terms of registration of these signals, there are potentially three image transformations to consider: translation, scale and possibly a rotation. There is an obvious translation involved from the fact that the signals were separated by the beam splitter. Perhaps less obvious is the difference in scale. This may arise if the chromatic response of the magnification optics is not linear over the range of wavelengths used. Determining the colocalization of fluorescence in the two images requires that they are spatially registered. Some experiments may be based on two fluorescent markers that never colocalize within the sample. In this scenario, the methods used in the algorithms described above will fail. However, the relative position of the centre of the images with respect to the CCD should not change from experiment to experiment. Therefore, the registration parameters (i.e. translation, scales and rotation) can be pre-calculated through registration of images of fluorescent samples that emit light over a broad range of wavelengths. Thus, these registration parameters can then be saved and used to align any other images from this microscope.
Results

Multi-modality image registration
Auto-Align is capable of registering data from TIRF, epi-fluorescence and confocal microscopes (Figure 4) . Auto-Aligns' algorithm-1 determined that the rotational offset between the CCD camera array and confocal scanning line rasters on the laboratory's multi-modality fluorescence microscope (Nikon A1-R Ti incorporates TIRF epi-fluorescence and confocal microscopes) is 1.07
• with a SD of 0.0913
• . All the individual results were calculated in fewer than seven iterations and these had converged to a single value before reaching the maximum number of iterations (if the result has not converged before the maximum number of iterations, then it may just have a similar value by chance and therefore not an accurate result).
Confocal and epi-fluorescence image registration
Automated alignment of images from epi-fluorescence and confocal microscopes were achieved through the use of Auto-Aligns' algorithm-2. For images of the same cell obtained through the same 60× objective, the image scale difference was found to be 1.0771. Therefore, scaling the epi-fluorescence image by this factor changes the image resolution to that of the confocal image. Figure 4B shows a crop of the epi-fluorescence image of the same cell in the confocal image. Figures 4A and 5D show a crop of the registered result through Auto-Align.
Confocal and TIRF image registration
Automated alignment of images from TIRF and confocal microscopes was achieved using a procedure identical to that used to align epi-fluorescence and confocal images. For images of the same cell obtained through the same 60× objective, the image scale difference was found to be 1.0813. Figures 1 and 4E show the result of this. 
Application: transferrin uptake via clathrin-mediated endocytosis
Stage drift correction
Auto-Align corrects for lateral stage drift of a time-lapse image sequence for images obtained every minute over a 45-min period using the Nikon A1 TIRF system. The first and final images of this time series are shown in Figure 5A ,B; over the 45-min period there has been some focal adhesion activity, e.g. adhesion assembly. The overlay of these images ( Figure 5C ) shows that they are not spatially coincident. Performing an average projection through all images in the time series gives an image with a blurred appearance ( Figure 5D ), suggesting random movement due to stage drift. Figure 5D shows an overlay of the first and final images in the sequence after Auto-Aligns' stage drift correction; this image shows far greater spatial colocalization than these same images prior to stage drift correction ( Figure 5C ). Figure 5G shows the average projection of all the images in the sequence, in which this image has a far clearer appearance than that of Figure 5D and hence demonstrates that the effects of staged drift have been corrected for.
Simultaneous dual wavelength image registration
Auto-Align is capable of registering dual wavelength images obtained through a beam splitter as shown in Figure 7 . It was found that the resolution of the green channel (the top feature in Figure 7A ) was 0.5% greater than that of the red channel as the scale difference between the features in each channel was 1.005. Automatic translation of these images leaves them spatially coincident.
Comparison of Auto-Align and TurboReg
The ability of Auto-Align to register images from multimodality microscopes was tested against that of another IMAGEJ plugin TurboReg, mentioned earlier in the text. While TurboReg was able to successfully register some TIRF/confocal image pairs, it does fail to register others; Figure 8 is an example of this. Here, TIRF and confocal images of the same focal plane of the same sample were used to test the two registration methods (see show the same cell imaged using confocal microscopy focused at 2.75 μm into the cell. Vesicles from the plasma membrane have usually shed their clathrin coat once they have reached this depth and as a result there is visibly less colocalization between clathrin and transferrin, shown in the merged image (F). Scale bars represent 10 μm. Figure 8A ,B). At first sight, the images appear to be registered but inspection of the finer details shows that Auto-Align ( Figure 8C ) achieves better alignment than TurboReg ( Figure 8D ). For cases when TurboReg does register the multi-modality images, it generally completes the registration in less time than Auto-Align, depending on various factors such as the reliability of the landmark selection used for TurboReg's initial alignment estimates of the errors on the values for image scales required for Auto-Align.
TurboReg has the benefit of being able to retrieve differences in image scale, rotation and translation in a single execution, whereas Auto-Align initially requires the rotational offset calculated using one programme before a second programme can perform a complete alignment. This two-stage process is initially more time consuming as the chosen method for determining the rotational offset by Auto-Align can take up to several minutes depending on the desired accuracy of the result. However, once this has been determined it becomes a known constant for further registration which is then performed in a matter of seconds (depending on image sizes, scale errors used, computer speed, etc.).
Discussion and Summary
The automated image registration tools detailed here provide a powerful means of maximizing the accuracy of quantitative data analysis of specific time-lapse experiments for single and multiple data sets. Automated multi-modality data synthesis is especially useful where multiple microscopy techniques can be used to image different aspects of the same sample simultaneously; this provides a more dynamic mixture of measurements to be included in the final analyses of a single experiment.
For the specific application of multi-modality image registration, we found that Auto-Align offered a more practical solution than TurboReg, as it was capable of registering multi-modality data more reliably on data typically found in membrane trafficking studies. With that said, TurboReg was designed for registration of functional medical images and not multi-modality microscopy images.
In experiments where intracellular movement in relatively stationary cells (relatively stationary between time frames) is of interest, then stage drift correction is absolutely necessary to derive accurate quantitative measurement of this intracellular movement; especially if the motion is very gradual with respect to the rate at which the images are acquired. For this stationary cell case, the stage drift correction method works well.
Although not presented here, Auto-Align provides further applications such as an indirect method for registration of confocal and bright-field images. Epi-fluorescence microscopes commonly share the same light path as bright-field microscopes and hence their images are already spatially coincident for the same field of view.
Registration on an epi-fluorescence image to a confocal image will provide the registration parameters for the epi-fluorescences' bright-field counterpart.
Dual wavelength single CCD microscopy is becoming increasingly popular. Through registration of ideal samples, it is possible to determine precisely how the regions of the CCD, responsible for measuring signals from different channels, are spatially related. With this knowledge, it is possible to co-register data sets where colocalization is less obvious (or non-existent) with exactly the same accuracy as data sets with high levels of colocalization. The dual channel alignment here is far more accurate and consistent than manual channel alignment methods.
Methods
Computational implementation
All algorithms were implemented in JAVA as plugins for IMAGEJ 1.44 +.
Algorithm-1 and algorithm-2 were also implemented in MATLAB where their performance was tested on a series of phantom data sets generated using models for the image formation processes of TIRF and confocal microscopes (for a comprehensive description of the algorithms implemented, see Appendix S1). The IMAGEJ plugin for Auto-Align is freely available from www.Rappoportlab.com.
Image alignment, cell culture and microscopy TIRF-confocal and epi-fluorescence: confocal registration
Before the images from the CCD camera can be aligned with the images from the confocal microscope, the rotational offset between the confocal scanning line rasters had to be determined. Auto-Aligns' rotational offset algorithm was implemented on four image TIRF/confocal pairs. The image pairs for this were chosen because they had visibly low levels of noise and many obvious common features present in both images. Estimates for the angular offset, θ est , and scale difference, s est , are determined using relative positions of user-selected landmarks in both images. The errors on these (used to define a search interval) were ±2 • and 0.1 · s est . The maximum number of iteration was set to 15.
To fully register the TIRF and confocal data, the scale and translational differences in the images are required. These were calculated using AutoAligns' algorithm-2. The pixel sizes used for these TIRF and confocal images were 0.13 and 0.12 μm, respectively. Each of these was assigned a fractional error of 0.05 (or 5%). The images used for the calculations were the first in focus slice closest to the coverslip showing transferrin at the plasma membrane along with the transferrin TIRF image.
The process for registering the epi-and confocal was identical to the TIRF and confocal.
TIRF -confocal alignment: imaging clathrin and transferrin
The angle of rotation used was 1.07 • , calculated as described above. The scale and final translation of images were calculated using Auto-Aligns' algorithm-2. The pixel sizes used for these TIRF and confocal images were 0.14 and 0.14 μm, respectively. Each of these was assigned a fractional error of 0.05 (or 5%). The images used for the calculations were the first in focus slice closest to the coverslip showing transferrin at the plasma membrane along with the transferrin TIRF image. Auto-Align scaled the TIRF images by a factor of 1.0266 and translated them to register (see Figure 6 ).
HeLa cells were plated into 35-mm cell culture dishes in DMEM supplemented with 10% foetal calf serum (FCS) and 1% penicillin/streptomycin. After 24 h, when the cells were ≈80% confluent, the cells were transfected with clathrin-dsRed using Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions. After 24-h expression of clathrin-dsRed, the cells were split 1:3 and plated onto round glass coverslips. After a further 24 h (total of 48-h expression of clathrin-ds-Red), the cells were serum starved for 15 min at 37
• C and then moved to 4
• C where they were left to cool for 5 min and then incubated with transferrin-488 for a further 10 min at 4
• C. The cells were then moved back to 37
• C for 15 min to allow endocytosis of transferrin to occur. The cells were then fixed in 4% formaldehyde and the coverslips were inserted into Bellco imaging chambers (BellcoGlass) and covered with PBS and imaged. Cells were imaged with a 60× objective (CFI TIRF Apo 60× oil NA 1.49, Nikon) using a Nikon-combined objective-based TIRF and confocal system set up on a Nikon EclipseTi inverted microscope. The 488-nm line of an Argon laser and the Green Diode 561 nm laser were used to image the transferrin and clathrin respectively. A TIRF image [captured on a 12-bit CCD camera (Ixon 1 M EMCCD)] was taken of the cells' adherent membrane at the coverslip/cell interface, which was then set as the bottom focal plane of the cell for the confocal z-stack that was taken at 0.25 μm steps using the Galvano scanner with sequential laser line acquisition ( Figure 9 ).
Stage drift correction
Auto-Aligns' stage drift correction was used on a time series stack containing 45 frames.
HeLa cells were plated into 35-mm glass-bottom dishes (MatTek Corp) at a density of 6 × 10 5 cells per dish in DMEM supplemented with 10% FCS and 1% penicillin/streptomycin. After 24 h, the cells were co-transfected with β 3 -integrin-green fluorescent protein (GFP; a kind gift from Prof. Jonathan Jones, Northwestern University Medical School) and clathrin-ds-Red using Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions. Cells were then imaged 48 h after transfection with the Nikon A1-R Ti TIRF system using the 488-nm line of an Argon laser. Images were acquired every minute for a total of 45 min. The TIRF image laser illumination was achieved through the microscope objective (CFI TIRF Apo 60× NA 1.49, Nikon) and images were captured on a 12-bit CCD camera (Ixon 1 M EMCCD) using Nikon NIS ELEMENTS AR software.
Dual-view acquisition of focal adhesion proteins
Breast cancer MDA-MB-231 cells were plated into 35-mm glass-bottom dishes (MatTek Corp) at a density of 6 × 10 5 cells per dish in DMEM supplemented with 10% FCS and 1% penicillin/streptomycin. After 24 h, the cells were co-transfected with β 3 -integrin-GFP (a kind gift from Prof. Jonathan Jones, Northwestern University Medical School) and paxillin-red fluorescent protein (RFP; donated by Dr Maddy Parsons, Kings College) using Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions. After 48-h expression of the constructs, the cells were fixed in 4% formaldehyde and imaged in PBS on an Olympus TIRF microscopy system based around the Olympus IX81 ZDC microscope frame using a 150× objective (150× UAPON NA 1.45 objective, Olympus) and a dualview channel splitter (DV2-SYS dual view, equipped with a red/green filter). The β 3 -GFP was excited using a 491-nm laser line and the paxillin-RFP was imaged using a 561-nm laser.
Comparison with TurboReg Figure 8 shows a case were Auto-Align registers a TIRF and confocal image pair and TurboReg fails. Each programme was used in the following way.
Auto-Align
Prior to these images, the rotational offset between the CCD pixel array and the confocal line rasters was determined on a set of four image pairs obtained through the same microscope as described above. The rotational offset for this microscope set up as 1.07
• . Auto-Aligns' multimodal image alignment (algorithm-2) was then used to register the images. The calibrated pixel sizes of the confocal and TIRF images were 0.12 and 0.14 μm, respectively. The search error fractional values on both of these were chosen as 0.1 (equal to 10% of their values). Auto-Align does not require the full TIRF image and can complete registration with only a cropped region containing the feature of interest. For this test, the full TIRF image was used so that both programmes were using the same data for registration.
TurboReg
TurboRegs' 'scaled rotation' registration mode was used as the method for registration as it accounts for scale, rotation and translation. The TIRF image was chosen as the 'source' and the confocal as the 'target' image. Landmarks corresponding to the same features in both images were carefully selected (see Figure 8A ,B) and the quality of registration was set to 'accurate' before the automatic registration was selected.
Supporting Information
Additional Supporting Information may be found in the online version of this article:
Appendix S1: Auto-Align image co-registration.
Figure S1: The basic structure of the optimization algorithm designed to calculate the rotational offset between TIRF and confocal microscopy images. I C (x,y) and I T (x,y) are images from confocal and TIRF microscopes, respectively, s est and θ est are the current estimates for the scale difference and rotational offset between images and s opt and θ opt are the values giving the highest correlation from their respective tests. Scale is also optimized as precise knowledge of the scale is required in order to calculate the rotation precisely. Video S1: shows movie images; the first is the original data set which moves due to stage drift, the second shows the same data set corrected for stage drift and the third shows the a RGB merge of the first two images. The RGB merge displays how much stage drift occurred over the 45 frames. In the red plane is the original data and the corrected in the green plane. The images are of the same cells shown in Figure 5 in the main article.
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